Background and objectives: This study was conducted to clarify whether individuals with mildly impaired renal function show increased arterial stiffness, microinflammation, and oxidative stress as compared with those with normal renal function and also to examine the association of these parameters with the degree of GFR loss in middle-aged Japanese men with a low cardiovascular risk.
C hronic kidney disease (CKD) is a major and serious risk factor for cardiovascular disease, and screening for CKD is recommended in all patients with cardiovascular disease (1, 2) ; however, increased arterial stiffness is also known to be associated with an elevated risk for cardiovascular disease (3) . Some studies have demonstrated that even mild CKD (GFR 60 to 89 ml/min per 1.73 m 2 body surface area) is a risk factor for cardiovascular disease (4, 5) , and other studies have demonstrated the existence of a relationship between the degree of GFR loss and arterial stiffness, as assessed by the pulse wave velocity (PWV) or pulse pressure, even in individuals with GFR values in the "normal to mildly impaired renal function" range (GFR Ն60 ml/min per 1.73 m 2 body surface area) (6 -12) , suggesting a cause-effect relationship and/or common underlying mechanisms. Microinflammation and/or oxidative stress contributes to the progression of atherosclerosis and arterial stiffening, and both have been shown to increase in severity with the progression of renal dysfunction (13) ; however, it still remains unclear whether microinflammation and/or oxidative stress is increased in individuals with only mildly impaired renal function. It remains to be clarified whether they are involved in the relationship between the degree of GFR loss and arterial stiffness in individuals with GFR values in the normal to mildly impaired renal function range. Furthermore, no study has examined the relationships among GFR loss, arterial stiffening, inflammation, and oxidative stress in individuals with GFR values within the normal renal function range.
This study was conducted to clarify the following in middleaged Japanese men with a low cardiovascular risk: (1) Do individuals with mildly impaired renal function show increased arterial stiffness, microinflammation, and oxidative stress as compared with individuals with normal renal function? (2) Are inflammation and/or oxidative stress involved in the association between the degree of GFR loss and arterial stiffness in individuals with GFR values in the normal to mildly impaired renal function range? (3) Are the relationships among the mentioned four pathophysiologic abnormalities significant even in individuals with renal function parameters within the normal range?
Concise Methods

Design and Participants
This cross-sectional study was performed on the employees of a single large construction company, all of whom underwent a routine annual health checkup between May and July 2004. The data obtained from this cohort have been reported in part elsewhere (14, 15) . In addition to the routine tests, measurements of the brachial-ankle PWV (baPWV) and of the plasma levels of C-reactive protein (CRP) and products of lipid peroxidation (LipOX) were conducted on the participants enrolled for this study. The routine annual health checkup included evaluation of the atherosclerotic risk factors (body mass index [BMI] and measurements of the serum levels of triglyceride [TG] , HDL cholesterol and total cholesterol [TC] , fasting blood glucose [FBG] , and BP).
Among a total of 2325 participants, those who were receiving antiinflammatory drugs or medication for hypertension, dyslipidemia, diabetes, heart disease, and/or stroke (n ϭ 247); atrial fibrillation (n ϭ 1); and/or a ankle/brachial pressure index Ͻ0.95 (n ϭ 32) were excluded from the study. In regard to the renal function abnormalities, individuals in whom the plasma CRP levels were Ͼ10.0 mg/L (n ϭ 25) and/or the GFR as estimated using the Modification of Diet in Renal Disease (MDRD) equation (1) was Ͻ60 ml/min per 1.73 m 2 body surface area (n ϭ 3) and/or the result of urine dipstick for analysis for proteinuria was Ͼ1ϩ (urinary protein concentration Ն30 mg/dl; n ϭ 138) were also excluded from the study. In addition, individuals with serum creatinine levels Ͻ35 mol/L (n ϭ 6) were excluded, because this value was lower than the mean in individuals with GFR values within the normal renal function range minus 3 SD. Finally, a total of 1873 men were successfully enrolled in the study. Verbal informed consent was obtained from all of the participants before their participation in this study. The protocol of this study conformed to the principles of the Declaration of Helsinki, and the study was conducted with the approval of the Ethical Guidelines Committee of Tokyo Medical University. Measurements BP Measurement in the Office Setting. Before measurement of the baPWV, the BP was determined as the mean of two measurements obtained in an office setting by the conventional cuff method using a mercury sphygmomanometer. These two measurements were performed on the same occasion after the participants had rested in the seated position for at least 5 min.
baPWV and Pulse Pressure. The baPWV was measured using a volume-plethysmographic apparatus (Form/ABI, Colin Co. Ltd., Komaki, Japan), in accordance with a previously described method (14, 15) . Briefly, electrocardiographic electrodes were placed on both wrists, and a microphone for the phonocardiogram was attached on the left chest. Electrocardiograms and phonocardiograms were used to provide timing markers for the device. Occlusion cuffs, which were connected to both the plethysmographic and the oscillometric sensors, were tied around both the upper arms and ankles while the participants lay in the supine position. The brachial and post-tibial arterial pressures were measured by the oscillometric sensor. The brachial and post-tibial arterial pressure waveforms determined by the plethysmographic sensor and recorded for 10 s were stored. The characteristic points of the waveforms were determined automatically according to the phase velocity theory. The pulse wave may travel in different directions from the heart; however, there is a mathematical logic for measurement of the baPWV, as follows: For the pulse wave traveling from the heart to the brachium, the time interval from the heart to the brachium is defined as Thb, and the path length from the heart to brachium is defined as the path length from heart to suprasternal notch ϩ that from the suprasternal notch to the brachium (Lb). For the pulse wave traveling from the heart to the ankle, the time interval from the heart to the ankle is defined as Tha, and the path length from the heart to the ankle is defined as the path length from the heart to the suprasternal notch ϩ that from the suprasternal notch to the ankle (La). Therefore, the time interval from the brachium to the ankle, as the time interval from the wavefront of the brachial waveform to the wavefront of the ankle waveform, is calculated as Tha Ϫ Thb, and the path length from the brachium to the ankle is calculated as La Ϫ Lb. La and Lb are obtained using the equations La ϭ 0.8129 ϫ height of the patients (in cm) ϩ 12.328 and Lb ϭ 0.2195 ϫ height of the patients (in cm) ϩ 2.0734 (15) . Finally, the following equation is used to calculate the baPWV: baPWV ϭ (La Ϫ Lb)/(Tha Ϫ Thb) (15) .
The measurements were conducted after the participants had rested for at least 5 min in the supine position, in an air-conditioned room (24 to 26°C) earmarked exclusively for this purpose. In 55 volunteers, the intraclass correlation coefficient of reproducibility of the baPWV was determined to be 0.92 (14) . The BP, determined using the oscillometric sensor, and the heart rate were measured simultaneously during measurement of the baPWV. The pulse pressure (systolic BP Ϫ diastolic BP) was determined on two occasions: One in the office setting and the other at the time of measurement of the baPWV.
Laboratory Measurements. The TG, HDL, FBG, TC, and serum creatinine concentrations were measured using enzymatic methods (Falco Biosystems Co. Ltd., Tokyo, Japan). GFR was calculated using the MDRD equation: 186 ϫ [serum creatinine concentration] Ϫ1.154 ϫ
[age] Ϫ0.203 . The plasma levels of LipOX were measured as a marker of oxidative stress (16, 17) . The interassay coefficient of variation for this parameter was 1.2%. The plasma CRP level was determined using the latex-aggregation method (Eiken Co., Tokyo, Japan) (16, 18) , which is a high-sensitivity assay method with a detection threshold of Ͻ0.1 mg/L. The interassay coefficient of variation for this parameter was 2.9%. All of the blood samples were collected in the morning, after the participants had fasted overnight.
Statistical Analyses
Data were expressed as means Ϯ SD. Figures are shown with error bars. The plasma levels of CRP and LipOX were skewed rightward; therefore, these variables were log-transformed for the analyses. The relationships of the GFR with the other variables were assessed by univariate linear regression analysis and multivariate linear regression analysis. The GFR values were divided into tertiles in participants with values within the normal renal function range. The differences in the variables among the four groups of participants classified according to the GFR values (i.e., in either one of the three tertiles in the normal renal function range and in the mildly impaired renal function range) were assessed by one-way ANOVA. Then, under a general linear model, the differences in the baPWV among the four groups were also assessed by analysis of covariance after adjustments. All of the analyses were conducted using the SPSS software for Windows, version 11.0J (SPSS, Chicago, IL). P Ͻ 0.05 was considered to denote statistical significance.
Results
The analyses were conducted in four groups of participants classified according to the GFR values: One group with GFR in the mildly impaired renal function range (GFR 60 to 89) and three groups with GFR in one of the three tertiles in the normal renal function range, namely 90 to 108 (tertile 1), 109 to 126 (tertile 2), and 127 to 209 (tertile 3) ml/min per 1.73 m 2 body surface area. Table 1 shows the clinical characteristics of the four groups. ANOVA demonstrated that age, BMI, systolic and diastolic BP, TC, and FBG increased, whereas the HDL decreased with decrease of the GFR values. Figure 1 shows the means of the baPWV among the four groups classified according to the GFR values. The results of ANOVA demonstrated that the baPWV increased with decrease of the GFR. The results of analysis of covariance demonstrated that after adjustment for age, the baPWV in the group with GFR values in the third tertile of the normal renal function range was lower than that in the group with values in the mildly impaired renal function range and in the group with values in the first tertile of the normal renal function range; however, the difference in the values was significant only between participants with GFR values in the first tertile and those with GFR values in the third tertile referred to previously after adjustment for age, BMI, TC, TG, HDL, FBG, mean BP determined at the time of measurement of the baPWV, log plasma CRP levels, and log plasma LipOX levels ( Figure 1) . Table 2 depicts the correlation coefficients determined by linear regression analysis. The GFR was correlated with the baPWV and pulse pressure measured at the time of measurement of the baPWV but not with the log plasma CRP or log plasma LipOX levels. Thus, the GFR was correlated with parameters of arterial stiffness. Then, multivariate linear regression analysis was conducted to clarify whether GFR might be an independent factor affecting the baPWV. This analysis demonstrated a significant relationship between the baPWV and the GFR, independent of age, BMI, TC, TG, HDL, FBG, mean BP determined at the time of measurement of the baPWV, log Figure 1 . Mean values of the brachial-ankle pulse wave velocity (baPWV) in the groups classified according to the GFR. MiIm, mildly impaired renal function; T1, first tertile; T2, second tertile; T3, third tertile; CRP, plasma levels of C-reactive protein; LipOX, plasma levels of products of lipid peroxidation. *P Ͻ 0.05 versus the result for GFR in the mildly impaired renal function range; †P Ͻ 0.05 versus the result for T1 of GFR in the normal renal function range; ‡P Ͻ 0.05 versus the result for T2 of GFR in the normal renal function range (assessed by one-way ANOVA with Bonferroni adjustment); ͐P Ͻ 0.05 versus the result for GFR in the mildly impaired renal function range; ¶P Ͻ 0.05 versus the result for T1 (assessed by analysis of covariance with adjustment for age); bP Ͻ 0.05 versus the result for T1 of GFR in the normal renal function range (assessed by analysis of covariance with adjustment for age and other variables described in text). DBPoff ( plasma CRP levels, and log plasma LipOX levels not only in participants with GFR values in the normal to mildly impaired renal function range but also in those with values within the normal renal function range (Table 3) .
Discussion
Several studies have demonstrated a significant relationship between degree of GFR loss and arterial stiffness in individuals with GFR values in the normal to mildly impaired renal function range (6 -10); however, a recent study (19) demonstrated a significant relationship between the serum level of cystatin C and markers of inflammation in elderly individuals without CKD. It remains unclear, though, whether the GFR loss has a more close relationship with arterial stiffness than with microinflammation and/or oxidative stress in individuals with GFR values in the normal to mildly impaired renal function range. This study is the first to demonstrate that the baPWV but not the plasma levels of CRP or LipOX was higher in individuals with GFR values in the mildly impaired renal function range than in those with values in the normal renal function range. It should be noted that the MDRD equation systematically underestimates the GFR and also that larger discrepancies are found between the GFR estimated using this equation and that estimated by the inulin clearance method in healthy individuals than in those with impaired renal function (20, 21) . Even so, this study demonstrated that the GFR was correlated with the a logCRP, log-transformed value of the plasma level of C-reactive protein; logLipOX, log-transformed value of the plasma level of products of lipid peroxidation; MBPoff, mean BP determined in the office setting; MBPpwv, mean BP determined at the time of measurement of the baPWV. (4, 22) . The PWV is an independent predictor of the prognosis not only in patients with end-stage CKD (23, 24) but also in those with hypertension or in the general population (25, 26) . Several mechanisms, such as increased cardiac afterload, impaired coronary arterial blood supply, and direct induction of atherosclerotic arterial damage, are thought to be possible mechanisms underlying the increased cardiovascular risk associated with arterial stiffening (3, 27) . Although inflammation and oxidative stress may be the primary mediators or the "missing link" that could explain the mechanism underlying the elevated cardiovascular risk in patients with CKD, including those with severely impaired renal function (2, 13) , the results of this study suggested that increased arterial stiffness but not microinflammation/ oxidative stress may underlie, at least in part, the increased cardiovascular risk in individuals with mild impairment of renal function.
The mechanisms underlying the relationship between the degree of GFR loss and arterial stiffness are not fully understood (27) . In this study, the results of multiple linear regression analyses demonstrated that even after adjustment for age and other conventional atherosclerotic risk factors, this relationship remained significant; therefore, additional mechanisms might underlie this relationship. The increased plasma levels of asymmetric dimethylarginine and of homocysteine in individuals with mild renal insufficiency may increase arterial stiffness via endothelial dysfunction (28 -32) . Conversely, increased arterial stiffness may directly cause glomerular and/or tubular damage via increased intrarenal pulse pressure (25) and vice versa (33) . In any event, it may be useful to prevent the onset and progression of renal dysfunction and to conduct further longitudinal studies to clarify the cause-effect relationship and/or common underlying factors between loss of GFR and arterial stiffness.
This study had some limitations. First, because of the underestimation of the GFR calculated using the MDRD equation and the large discrepancies between GFR values obtained using the MDRD equation and those estimated by the insulin clearance method, especially in cases with GFR Ն60 ml/min per 1.73 m 2 body surface area (20, 21) , further studies using more reliable methods to estimate the GFR, such as measurement of the plasma levels of cystatin C, and on a larger number of individuals are proposed to confirm our results (21) . Second, although the baPWV has been shown to be closely correlated with the aortic PWV (14) , it also includes peripheral muscular arterial stiffness. Recently, Pannier et al. (34) demonstrated that central, rather than peripheral, arterial stiffness is an independent risk factor for future cardiovascular events in individuals with ESRD. Further studies are proposed to clarify whether central arterial stiffness may be more closely related with GFR loss in the early stage than arterial stiffness as measured by the baPWV. Third, the urinary microalbumin-to-creatinine excretion ratio is another recommended parameter for estimating the severity of renal dysfunction (1) . This ratio is related to endothelial function, which, in turn, is thought to affect the peripheral muscular arterial stiffness (31, 35) . In addition, microinflammation and oxidative stress affect endothelial function. Therefore, the relationship among the urinary microalbuminto-creatinine excretion ratio, arterial stiffness (central and peripheral arterial stiffness), endothelial function, microinflammation, and/or oxidative stress must also be evaluated. Finally, the rate of progression of renal dysfunction seems to be related to the ethnicity (36); therefore, future studies are required to confirm the relationship between the GFR loss within the normal renal function range and increased arterial stiffness in elderly individuals, female individuals, and individuals of other ethnicities.
Conclusions
In middle-aged Japanese men with a low cardiovascular risk and GFR values in the normal to mildly impaired renal function range, the degree of GFR loss seems to be more closely associated with arterial stiffness than with microinflammation and/or oxidative stress. A weak but significant relationship was observed between the degree of GFR loss and arterial stiffness, even in individuals with GFR values within the normal renal function range; therefore, increased arterial stiffness may underlie, at least in part, the elevated cardiovascular risk in individuals with mildly impaired renal function. The next logical step would be to clarify whether the PWV is a more reliable marker to predict future cardiovascular events than parameters of microinflammation and/or oxidative stress.
